ABSTRACT The combination of droop control and communication-based secondary control is eligible to maintain the steady voltage and frequency at the point of common coupling (PCC) together with the property of power sharing between the distributed generators. However, the performance of this combination is threatened by the slow dynamic and communication failure. In this context, an improved droop control is proposed to address the issue of slow dynamic and enhance the power-sharing accuracy in the autonomous microgrid. The droop coefficients are determined through a comprehensive analysis to assess the eigenvalues and plot the loci of the dominant poles. Robust secondary control is subsequently proposed to restore the voltage and frequency to their nominal values with a novel feature that ensures the performance continuity during the communication failure. The key idea of the proposed secondary control relies on utilizing the predictive values of the PCC voltage in the dq-rotating frame using two dynamic lookup tables during communication loss. The proposed control is evidenced by the simulation results in the MATLAB environment.
I. INTRODUCTION
Recently, the concept of a microgrid has elicited much attention because of its control capability and flexibility to deal with renewable energy sources (RESs). Microgrids can be categorized based on their independence into grid-tied and autonomous [1] . The regulation of voltage and frequency in an autonomous microgrid is more challenging than that in a grid-tied microgrid. In the latter, voltage and frequency postures are maintained by the main utility grid. In an autonomous microgrid, the rapid fluctuations in load and generation must be compensated by distributed generators (DGs) within the same microgrid [2] . Typically, microgrids can be controlled by using either the decentralized local control or the combination of local control reinforced by the communication-based central control [3] . Each of the aforementioned divisions has its own merits and drawbacks.
Decentralized control (i.e., droop control) has been widely exploited because it does not require any high-bandwidth communication [3] - [5] . The droop control allows the parallel association of DGs with providing the power-sharing feature between DGs [6] . However, conventional droop control faces several defects including low power-sharing accuracy, high reliance on the characteristics of line impedance, voltage and frequency deviations, and slow dynamic performance [7] . Thus, conventional droop control has been reported [8] - [10] as unreliable, especially for systems with resistive line impedance. Modified topologies of droop control have been developed to enhance power sharing, but they were mostly derived from the conventional P-f/Q-V droop method [11] - [13] . Approaches of utilizing virtual impedance (VI) have been proposed in [14] - [17] to increase the dependability by emulating an appropriate behavior of inverter output impedance. However, most approaches for applying VI are used on the basis of considering available real-time information about line impedance, which is not always obtainable [18] . Moreover, the use of VI may be unrealistic in tuning the inverter output impedance to be mainly inductive or resistive because the line may have both effective inductor and resistor. Therefore, it is possible to get coupling between active and reactive powers in microgrid [19] .
To reduce the error of power-sharing and avoid the deviations of voltage and frequency associated with the uncertainty of line impedance, the centralized secondary control has been primarily endorsed to support the droop control with the aid of high-bandwidth communication [20] - [23] . The secondary control brings the dynamics of the microgrid to the optimal set points and reduces the deviations of voltage and frequency toward zero following any change in supply or load. However, communication link failure is the most critical issue that threatens the performance of secondary control [24] . Hashmi et al. [25] and Shahid et al. [26] have investigated approaches to support the secondary control in an autonomous microgrid that experiencing a communication failure by virtually separating the faulty DGs. These approaches can provide a notable enhancement through mitigating the disturbance associated with communication failure. However, these approaches require complex algorithms for varying the gains of the droop and secondary controls. In [27] and [28] , a novel dq-voltage droop control has been proposed for equal load sharing that utilizes the output current in a dq rotating frame. The proposed control has introduced faster performance compared with the conventional droop control because it does not require low pass filters (LPFs). Moreover, the coupling issue between active and reactive powers has been handled in this control. This control has not considered the rated capacity of the DG as it has been applied for equal load sharing. The proposed method performs well as a power-sharing method, but in terms of power quality, it cannot avoid the deviations produced by the diversity of line impedance. Furthermore, the issue of current oscillation has noticeably appeared as a result of using small droop coefficients.
To this end, a modified dq-voltage droop control for accurate power-sharing between DGs is proposed in this paper. This droop control considered the rated capacity of the DG by means of rated dq current. The droop coefficients have been evaluated through a comprehensive stability analysis to ensure picking the proper gains within the range of stable operation. The analysis has formulated an additional root for the oscillation that can be addressed to increase the reliability of the proposed method. To enhance the voltage and frequency regulation and mitigate the deviations resulted by the diversity of line impedance, an improved dq-voltage secondary control is proposed to support the dynamic operation of droop control with a novel feature that allows performance continuity during communication failure.
The remainder of this paper is organized as follows. Section II presents the conventional and proposed droop controls. This section also contains the evaluation of droop gains and the double loop control of voltage source inverter (VSI). Section III comprises the restoration through dq-voltage secondary control along with the new feature for performance continuity during communication failure. Section IV presents the case study and the evaluation of the proposed control using a MATLAB/Simulink environment. Finally, Section V concludes this paper.
II. DROOP AND DOUBLE LOOP CONTROLS A. CONVENTIONAL DROOP CONTROL
In medium and large power systems, the characteristics of line impedance are mostly inductive. In an inductive line impedance, the conventional droop control can be used, which sets the active power of DG proportionating to the system frequency, and the reactive power proportionating to the voltage profile as [13] , [14] :
where ω * and E * are the preset voltage and frequency, respectively; m and n are active and reactive droop slopes, respectively; P m , P * , Q m , and Q * are the measured and reference values of active and reactive powers, respectively. By contrast, in small systems in which the line impedance is mainly resistive, the conventional P-f/Q-V droop control is not preferred. In a system with mainly resistive line impedance, the active and reactive powers can be determined as follows [22] :
where E and V are the output voltage of inverter and the microgrid voltage, respectively, ϕ is the power angle, and Z is the line impedance. From (3), the active power can be proportional to the voltage profile, whereas the reactive power can be linked to the power angle variation to achieve a suitable droop formulation. Accordingly, the droop control for resistive line impedance systems can be illustrated as [8] :
In both of the above droop methods, the values of active and reactive powers are measured after passing through LPF to extract the accurate values without noise. LPF can reduce the noise as a tradeoff for slowing the dynamics of the system, thereby possibly affecting the steady-state stability. To cope with this issue and develop a droop control that can be applied for systems with different line impedance characteristics, the dq-voltage droop control has been proposed [28] .
B. DQ-VOLTAGE DROOP CONTROL
Consider two DGs connected to the same bus system through LC filters and RL transmission lines, as depicted in Fig. 1 . The output power formulations for each DG can be defined as: (8) Suppose that the rotating axis is aligned to the capacitor voltage V Cq , then V Cq = 0, and the new formulations will be: From (9), the active power depends on V Cd and I do , and the reactive power depends on V Cd and I qo . Thus, it can deduce a way to describe the active power flow in a droop control by proportionating the droop d axis voltage to the d axis current subtracted from the reference of d axis voltage. Similarly, to formulate the reactive power flow, the droop q axis voltage can be linked to the q axis current as [27] :
where K 1 and K 2 are the droop coefficients, and E * d and E * q are the preset values of dq voltage. From (10) and (11), the rated currents in dq frame, which they comparatively refer to the rated active and reactive powers, are disregarded thereby this method is primarily considered for equal power sharing. Given that the microgrid has DGs of different sizes, the rated dq currents have to be considered to share the active and reactive powers accurately according to the rated capacity of the DG. Besides, the droop coefficients need to be determined in a way that provides active and reactive powers within the allowed limits along with maintaining stable operation. The formulation of dq-voltage droop can be rewritten as:
where I * d and I * q are the rated d axis current and q axis current respectively, and K d and K q are the new droop coefficients. It's worth mentioning that subtracting the rated dq current from the output dq current also acts as damping for the current oscillation associated with choosing small droop coefficients. Droop coefficients represent the slopes of active and reactive power sharing for each DG. Meanwhile, droop coefficients play an important role in regulating the current oscillation and maintaining system stability. Thus, coordinating accurate power-sharing and stable operation while evaluating the droop coefficients is important. Two PI controllers are used to regulate both d and q voltages and the current references are then extracted as a result of the voltage regulation loop. The current references in dq frame can be written in (14) and (15) with considering the decoupling of the filter capacitor and the feedforward loop.
C. CURRENT AND VOLTAGE LOOPS OF VSI
where Kp dV , Ki dV , Kp qV , and Ki qV are the proportional and integral gains for direct and quadrature voltage regulators, respectively, and H is the feedforward gain. The current references are compared with the output currents of VSI after passing through the LC filter. The error signals then pass through two individual PI regulators for the inner current regulation loop. The equations of evaluating the output voltages of VSI including the compensation of filter inductor and the feedforward loop can be written as:
where Kp dI , Ki dI , Kp qI , and Ki qI are the proportional and integral gains for direct and quadrature current regulators, respectively.
D. ASSESSMENT OF DROOP COEFFICIENTS
The droop coefficients are specified through the analysis of root locus for a detailed system which includes the droop control, double loop control, and LC filter. Fig. 1 , the dynamics of the LC filter and the transmission line to the PCC can be defined in (18) - (23) [9] .
To obtain the dynamics of droop control part, Equations (12) and (13) can be rearranged with considering the previous dynamics as:
Similarly, the dynamics of the voltage regulation loop can be found from rearranging (14) and (15) as: (27) where the new coefficients (e.g., a0902, a0903) are abbreviations can be defined in (30), as shown at the top of the next page. For the part of the current regulation loop, the dynamics can be obtained by rearranging (16) and (17) as (28) and (29) (29) Considering all the previous dynamics, and using the parameters defined in Table 1 , the eigenvalues of the state matrix can be evaluated. The poles map is illustrated in Fig. 3 for a range of K d and K q as (0.2< K d , K q <1). First, K q is set to 0.2, and K d is increased from 0.2 to 1. Fig. 3-a shows that the dominant poles are approaching the real axis and the damping ratio has increased by rising K d . However, when K d exceeds 0.8, the damping ratio becomes approximately equal to 1, thereby slowing the system performance. So, the value 0.8 is set as the maximum limit for K d . The same procedure is made for K q , as K q is finally
limited between 0.4 and 0.85 as a stable range following Fig. 3-b. Fig. 3 shows the shifting in the poles of the voltage regulation loop during the manipulation of droop coefficients. This situation can also be realized from the state matrix since it has a zero diagonal except for a0707 and a0808. Thus, the trace of the state matrix is mainly dependent on droop coefficients and proportional gains of the voltage regulation loop, as revealed in (30). Picking small proportional gains of the voltage regulation loop can move the poles of droop control away from the real axis. To shift towards the real axis as a step to reduce the oscillation, the proportional gains of voltage regulators need to be set based on the relations (Kp dv K d ≥ 1.5, Kp qv K q ≥ 1.5).
III. SECONDARY RESTORATION A. DQ SECONDARY RESTORATION
When several DGs governed by droop control to supply mutual load, the uncertainty of line impedance is an influential factor for deviating both local voltage and global frequency through the diversities of impedance size and impedance characteristics [14] , [17] . Several developments for droop control have approached to address the diversity of impedance characteristics, including the use of VI and the use of dq-voltage droop control. The diversity of impedance size remains a barrier that results in poor regulation and deviations and hence affects the performance of droop control, especially at the severe load change. Droop control must be reinforced by a secondary restoration to reduce the steady-state error, mitigate the deviations, and ensure that voltage amplitude and system frequency are within the regulation limits. In conventional droop control, the voltage amplitude and system frequency have been restored by compensating the differences between bus components of voltage and frequency and the preset voltage and frequency of local VSI [13] , [21] . Given that the droop control utilized in this paper is based on dq voltage, the voltages in the dq frame are restored remotely via the low-bandwidth communication link. And the deviations are compensated with the normal PI controller, same as the conventional voltagefrequency restoration. Notably, the restoration in dq voltage frame is faster and required less complexity of communication. The new preset values of droop control can be evaluated as:
where E * ds and E * qs are the new dq voltage references for droop control, and Kp ds , Ki ds , Kp qs , and Ki qs are the proportional and integral gains for d axis and q axis secondary controllers, respectively.
B. SECONDARY RESTORATION DURING COMMUNICATION FAILURE
As mentioned previously, the dq-voltage secondary control utilizes the dq voltages at the PCC through injecting them back via the low bandwidth communication link. Therefore, the differences between the preset dq voltages and PCC dq voltages ( V d , V q ) will be compensated frequently via two PI compensators. On the other hand, the dq-voltage droop VOLUME 7, 2019 control links the dq voltage of VSI to the output currents of VSI represented by I d and I q to share the microgrid load accurately between the DGs. Consequently, the dq voltages of the PCC can be manipulated based on the output current of VSI and the line impedance between the PCC and VSI. Assuming that the line impedance is fixed for a specific time, such as several hours, then, for each particular value of output d-axis current (I d_k ) there will be a particular difference in d-axis voltage between VSI and PCC ( V d_k ), and similarly for q axis as:
where A and B are the two functions that define the relations between the output currents and the differences in dq voltages. It can be deduced from (33) that if I d_k and I q_k have several particular values in a wide range (no load-full load), then finding a manner to dynamically save the corresponding particular values of V d_k and V q_k to be utilized during the time of communication failure is possible. In this paper, two dynamic lookup tables (LUTs) are used to dynamically track V d_k and V q_k from the local values of dq currents when the communication between DG and PCC is lost. The x-axes of both LUTs are set to dot the data of VSI output currents, and the y-axes are assigned for the differences between the preset dq voltages and PCC dq voltages. Fig. 4 illustrates the methodology for achieving dq voltages of the PCC during communication link failure. The dynamic LUTs have ten breakpoints for each, and they have plotted by increasing the active and reactive loads gradually from no load to full load. When the number of breakpoints is increased, the precision of assessing V d_k and V q_k will be increased. However, for the sizes of the utilized DGs, ten breakpoints are practically sufficient. The breakpoints of both axes in the LUTs are dynamically updated for normal steady-state operation, and the new values will be saved in an array-based memory represented by the block of dynamic breakpoint generator in Fig. 4 . Once the communication is lost, the dynamic breakpoint generator will keep the latter data constant, and then LUTs can use the saved data on both axes to produce the dynamic V d and dynamic V q . The dynamic V dq will be first subtracted from the output V dq of VSI to generate the predicted dq voltages of PCC, which in turn are compared with the preset values in the secondary control to generate the error signals.
The communication structure that used to transmit the PCC data is based on IEEE standard 802.15.4 of ZigBee technology with 2.45 GHz as a carrier frequency [29] . The communication delay has been considered in the simulation results of the proposed dq-voltage secondary control. A typical delay of 40 ms has been inserted in the way of PCC data to the secondary control.
IV. SIMULATION RESULTS
In this Section, the proposed control is verified in the MATLAB/Simulink environment for the microgrid shown in Fig. 1 . Three crucial scenarios are considered to cover the dynamic performance of the proposed control. A comparison has been conducted in the simulation results to show the effectiveness of the proposed work. The system parameters are listed in Table 2 , where they represent the typical parameters of a low voltage microgrid with mainly resistive line impedance [8] .
A. POWER-SHARING ACCURACY
In this case study, the proposed control is verified for equal and non-equal power sharing. At first, the rated currents for both DGs are set following the rated capacity of DG2, which is the smallest. The droop coefficients are set as follows: K d1 = k d2 = 0.55, and K q1 = k q2 = 0.4. At the beginning of the simulation, the load is supplied only by DG1. At 5 s, DG2 is connected to the microgrid and began sharing the load with DG1. Fig. 5 reveals the equal power sharing between both DGs. Secondly, the rated currents are set based on the DG rated capacity, and therefore the rated currents for DG1 are set to double their counterparts in DG2. In this case, for the proposed control, droop coefficients kept the same for both DGs. For the previous control [27] , the powersharing can be manipulated only by changing the droop coefficients, therefore, droop coefficients are set inversely proportional to the rated capacities of DGs. Further, droop coefficients must be picked in a smaller range compared with the proposed control because picking the coefficients in the same range will result clearly in a voltage drop. Hence, K d1 and K q1 are set to 0.11 and 0.08, respectively, and K d2 and K q2 are set to 0.22 and 0.16, respectively. Fig. 6 shows the output power of both DGs as responding to the load change, with the proposed and previous controls. The results have proved the eligibility of the proposed control for sharing the power of microgrid load equally between DGs. Fur- thermore, compared with the previous control, the powersharing error is greatly reduced in case of uneven powersharing. Also, the oscillation following the load change is reduced for power-sharing between DGs of different sizes.
B. RESTORATION VIA SECONDARY CONTROL
In this scenario, a comparison is done for the performance of dq-voltage droop control with and without using the secondary restoration control. The parameters of the secondary control are given in Table 3 , and they are evaluated by the trial and error method (TAE). Fig. 7 -a reveals the change in the active and reactive powers of the load. An additional load of 0.35 + j0.18 PU is added at 3 s, and another load of 0.4 + j0.22 PU is taken away at 6 s. Figs. 7-b and 7-c demonstrate the responses of RMS voltage and frequency at the load side with and without using the secondary control. Comparing the responses with and without using the secondary control, it is clearly seen that both voltage and frequency are restored to the pre-set values via dq-voltage secondary restoration. Besides, the overshoot during load change is mitigated, thereby increasing the reliability of dq-voltage droop to operate during large load changes in the autonomous microgrid. Hence, the effectiveness of the dq-voltage secondary control is verified.
C. RESTORATION DURING COMMUNICATION LOSS
To investigate the effectiveness of the proposed control during communication-link failure, a communication loss is assumed to occur during the operation of the secondary control. The time of communication failure covers the step decrement in active and reactive load in a large range to comprise both conditions of steady-state and dynamic load change. Fig. 8-a 
V. CONCLUSION
This paper introduced a modified dq-voltage droop control to improve the power-sharing between different DGs in an autonomous microgrid. The droop control took the DG size in consideration, and the droop coefficients were determined to coordinate both accurate power-sharing and stable operation with the aid of poles map. On the other hand, a dq-voltage secondary control was proposed to mitigate the deviations caused by the diversity of line impedance and to maintain minimum overshoot during large changes in load. A novel feature was added to this secondary control that enables the restoration continuity during communication-link failure. The novel feature utilized the LUTs to track the voltage of PCC from the data of output current in the rotating dq-frame. The proposed control was verified through the simulation in a MATLAB/Simulink environment. Three different scenarios represent the crucial cases of this study were applied to verify the effectiveness of the proposed control. The simulation results revealed the efficiency and the reliability of the proposed control to improve the performance of power-sharing and voltage-frequency control in the autonomous microgrid. VOLUME 7, 2019 
